A low power miniaturized cylindrical Hall thruster with permanent magnets (CHTpm) was operated with and without the magnetic shield. The magnetic field outside the thruster channel is shown to play a critical role in the formation of an unusual halo shape of the plasma flow from CHTpm without the magnetic shield. It is suggested that this result is applicable for other types of permanent magnet cylindrical thrusters, including diverge-cusp field (DCF) and HEMP thrusters. For the CHTpm, the use of a magnetic shield allows to restore a conic shape of the plasma plume, which is typical for conventional annular Hall thrusters and cylindrical Hall thrusters with electromagnets, and to reduce the plasma plume divergence.
I. Introduction
he principle of operation of the cylindrical Hall thruster (CHT) 1 is based on a closed E×B electron drift and electrostatic acceleration of non-magnetized ions in quasineutral plasma in a hybrid magneto-electrostatic trap. The magnetic field configuration of the CHT can be cusp-type and magnetic mirror-type. Comprehensive studies of the CHT with electromagnet coils are reported elsewhere. 2 It was found that for the miniaturized 100-200 W-class CHTs (Fig. 1) , the optimal magnetic field configuration is an enhanced mirror-type (the so-called direct configuration with the co-direct currents in both electromagnet coils). The highest performance parameters of this thruster were achieved when the maximum magnetic field at the mirror was ~ 1.5-2 kGauss. In these regimes, the electromagnet coils consumed 50-100 W. For the low power thruster, this additional power consumption reduces drastically the overall thruster efficiency. The use of permanent magnets instead of electromagnet coils can offer a significant reduction of both the total electric power consumption and the thruster mass.
T
Two permanent magnet versions of the miniaturized cylindrical Hall thruster (CHT) of different overall dimensions were operated in the power range of 50W-300 W. 3, 4 The discharge and plasma plume measurements revealed that the CHT with permanent magnets and electromagnet coils operate rather differently. In particular, the angular ion current density distribution from the permanent magnet thrusters has an unusual halo shape, with a majority of high energy ions flowing at large angles with respect to the thruster centerline. The defocusing of energetic ions could explain lower efficiencies measured for the CHT with permanent magnets as compared to the electromagnet CHT. 5 In this paper, it is shown that these differences in the plume and performance characteristics between the cylindrical thrusters with electromagnet coils and permanent magnets are associated with a stronger axial magnetic field outside the channel of the thruster with permanent magnets. .
II. Design considerations
A typical CHT (Fig. 1) consists of a cylindrical ceramic channel, a ring-shaped anode, which serves also as a gas distributor, a magnetic core made from a low carbon steel, and electromagnet coils or permanent magnets. 6, 7 Fig. 2 compares results of simulations of the magnetic field for the 2.6 cm outer channel diameter CHT thrusters with electromagnets and permanent magnets. 4 The CHT with permanent magnets (CHTpm) uses two axially magnetized permanent magnet rings made from a cobalt-samarium alloy. These magnet rings are incorporated into the thruster magnetic circuit as shown in Fig. 2b . In order to implement the direct (enhanced mirror) configuration of the CHT both permanent magnet rings are placed with the same polarity. According to magnetic field simulations and measurements, a similarity between the magnetic field distributions produced with permanent magnets and electromagnets exists only inside the thruster channel. However, in the vicinity of the channel exit and outside the channel, the magnetic circuit with the permanent magnets produces a different magnetic field topology. In particular, even in the direct configuration, the CHTpm has a cusped magnetic field near the channel exit (Fig. 2b) . Moreover, the magnetic field outside the permanent magnet thruster is much stronger magnetic field than outside the CHT with the electromagnet coils (Figs. 2, 3 ).
The above differences between the CHT and CHTpm are due to the differences in the magnetic field produced by a current-carrying coil and an axially magnetized permanent magnet ring (Fig. 4) . With a uniform magnetization, the magnetic field produced by a magnetized object is equal to the field produced by the bound surface currents. 8 Therefore, the magnetic field produced by a ring-shaped permanent magnet ( Fig. 4b) can be approximated by two concentric current-carrying coils of an opposite polarity (Fig. 4c) . When the axially magnetized permanent magnet ring is placed in the magnetic circuit, it produces a very different path of the magnetic flux than the electromagnet coil (Figs. 2a and  2b ). The use of magnetic shield can significantly alter the magnetic field outside the magnetic circuit (Fig. 2c) . In fact, for the CHTpm, it allows to significantly reduce the magnetic field outside the magnetic circuit (Fig. 3) . The optimization of the magnetic shield for the CHTpm will be described in a separate paper.
III. Experimental setup
The 2.6 cm diam. CHTpm was operated with and without magnetic screen in the large PPPL Hall Thruster facility. 9 Xenon gas was used in all experiments. The background pressure in a 28 m 3 vacuum vessel equipped with cryopumps did not exceed 3 μtorr. A commercial Heatwave 250 model hollow cathode electron source was used as the cathode-neutralizer. The cathode was placed on a motorized X-Y table in order to change its placement with respect to the thruster axis. The cathode gas flow rate was held constant, 2 sccm. The cathode keeper electrode was used to initiate the main discharge between the cathode and the thruster anode, and to maintain the discharge current. The keeper current was 0.5 A during the thruster operation.
The plasma plume diagnostics used in these experiments included a 2.54 cm diam. planar plume probe with guarding ring for measurements of the angular ion flux distribution in the plume 9 and a 5 cm diam. bi-directional probe for measurements of the direct ion flux from the thruster and the back ion flux from the background plasma. 10 Both probes are suspended on the rotating platform. The distance between the thruster and the planar plume probe was 73 cm. 
IV. Experimental results
A detailed comparison between the discharge and plume characteristics of the CHTpm and CHT with electromagnets is described in Refs. 3 and 4. The most curious difference between the CHTpm and the CHT thrusters with electromagnet coils is in the shape of their plumes (Fig. 5) . In particular, for the direct configurations, the CHTpm thrusters produce a halo plume with larger ion flux at larger angles with respect to the axis than at the American Institute of Aeronautics and Astronautics centerline: ~ 30-40°. This shape can change, but still exists at different cathode placements. However, with the addition of the magnetic shield, the plume acquires a conical shape, which is typical for Hall thrusters. Table 1 compares discharge and plume parameters of the 2.6 cm cylindrical thrusters with electromagnets and permanent magnets, including with without magnetic shield for the same operating conditions, namely, discharge voltage of 250 V and anode gas flow rate of 4 sccm. Apparently, the CHTpm with the magnet shield is capable to produce a significantly narrower plasma plume than the CHTpm without the magnetic shield. Furthermore, the utilization efficiencies and the plume angle measured for the CHTpm with the magnetic shield are comparable to those obtained for high performance current overrun regime of the CHT with electromagnets. 11 In Ref. 11, this regime was achieved by running a relatively high current (~2-3 A) 50 W auxiliary cathode-keeper discharge. For the CHTpm, the cathode-keeper discharge helped to sustain a stable operation of an aged cathode used in the present experiments. However, for that purpose the keeper current of 0.5 A was sufficient and therefore, the additional power consumed by this auxiliary cathodekeeper discharge was less than 10 W.
IV. Concluding remarks
The presented results support our previous suggestion that for the CHTpm without magnetic shield, the outside electric and magnetic fields play a critical role in the formation of the plasma flow and, thereby, the thrust generation. Furthermore, similarities between the magnetic field outside the channel and the plume shape measured in the CHTpm without magnetic shield, DCF 12 and HEMP 13, 14 suggest that all these three thruster types operate in a similar way. However, even with the magnetic shield, the electron confinement appears to be more effective in the CHT with electromagnets and multi-cusp configurations than in the CHTpm (Table 1) . This may explain generally lower anode efficiency measured for this permanent magnet thruster as compared to the CHT with electromagnets. 15 Finally, in view of the above results for the CHTpm, a key fundamental question is to what extent the magnetic field lines are equipotential in the thrusters with permanent magnets. For CHT with electromagnets, results of Ref. 16 provide an initial insight to this problem. In particular, it shows that equipotential lines significantly deviate from the magnetic field lines in the very near field plasma plume region between the thruster exit and the cathode. American Institute of Aeronautics and Astronautics
